Introduction
Korean ginseng, the root of Panax ginseng C.A. Meyer, is one of the most popular traditional medicinal plants in East Asia. It is also available as a functional food worldwide. Medicinally, ginseng is used to strengthen body systems weakened by physical and emotional conditions. Many reports have documented the health-enhancing effects of ginseng and its ginsenosides on microbial infections, the immune system, neurodegenerative disease, heart diseases, and cancer treatment [5, 14, 22, 23, 28] .
Red ginseng (RG) refers to steamed and sun-dried ginseng, as opposed to white ginseng, which is obtained after a simple drying process. The steaming process of ginseng leads to conversion of various ginsenosides (ginseng saponins), the active components of ginseng [6] . The content of ginsenosides in ginseng root peaks at 6 years after cultivation [22] , which makes the 6-year-old-ginseng popular in Korea. With heat treatment, many ginsenosides are converted. Naturally occurring ginsenosides such as Rb1, Rb2, Rc, Rd, Re, Rf, and Rg1 are thermally transformed to F4, Rg2, Rg3, Rg5, Rg6, Rg9, Rg10, Rh1, Rh4, Rk1, Rk3, and Rz1 [17] .
Inflammation is a physiological response in a host to eliminate harmful substances by recruiting immune cells from circulation. However, because inflammatory reactions inevitably damage normal neighboring cells, the duration and intensity of inflammation must be tightly controlled. Among inflammatory cells, macrophages play a critical role in eliminating pathogenic microbes and endogenous damage-associated molecular patterns while attracting white blood cells to the site. Pattern recognition receptors such as Toll-like receptors sense the presence of targets and transmit signals to the nucleus, terminating in rapid expression of cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-1, and IL-6, and enzymes that synthesize toxic free radicals and inflammatory lipid mediators [18] . TNF-α, IL-1, and IL-6 cause the vascular inner surface to become sticky, allowing white blood cells to bind to the vessel walls and migrate to injured sites. Inducible nitric oxide synthase (iNOS) produces a toxic compound, nitric oxide (NO), which inflicts nitrosative stress on target molecules [2] . Thus, macrophages have been targeted to control inappropriate inflammatory responses.
There have been attempts to increase the composition of RG by applying various processing methods such as puffing, fermentation, and autoclaving [1, 13, 25] . Recent applications of nanobiotechnology in the area of the agricultural and food sciences have increased the potential to protect plants from phytopathogens and boost food production. Treatment with nanomaterials through nanofertilization technology enhances photosynthetic activity and increases the biomass, fruit yield, and phytomedicine content [10, 16] . Colloidal gold nanoparticles are considered a biocompatible inert metallic form [3] . In this study, a gold nanofertilizer was applied to 6-year-old ginseng, and the ginsenoside composition and anti-inflammatory effects of gold nanoparticle-treated RG and non-treated RG were compared.
Materials and Methods

Preparation of Colloidal Gold Nanoparticles
Colloidal gold nanoparticles were manufactured from SMNANOBIO Co., Ltd (Korea). Preparation of colloidal gold nanoparticles was based on an electrolysis method described by Cheon et al. [4] . In brief, two pure gold plates (5 cm × 10 cm × 2 cm) were used as electrodes. The two electrodes were placed vertically face-to-face at a constant distance of 20 mm. Electrolytes consisted of 20 mM sodium citrate, 10 mM citric acid monohydrate, and 0.01% polyvinylpyrrolidone (molecular weight = 29,000 g/mol; Sigma-Aldrich Co., LLC., USA) in deionized water. A pH range of 6.5-7.5, electrolyte temperature of 80-90 o C, and current of 20-30 A were applied to obtain the gold nanoparticles. After 30 min, well-dispersed colloidal gold nanoparticles were fabricated in deionized water. The gold nanoparticles were then analyzed by STEM (JEM-2100F; Jeol, Japan) and a zetasizer (ZEN3600; Malvern Instruments Ltd., UK). The size of the gold nanoparticles ranged from 5 to 15 nm [12] .
Measurement of Gold in Fresh 6-Year-Old Ginseng Roots
Fourteen days after gold nanoparticle treatment, 60 g of fresh ginseng roots were obtained and dried at 60 o C for 10 days. Forty grams of dried ginseng roots was pretreated with nitric acid and analyzed for gold content using an inductively coupled plasma mass spectrometer (Perkin Elmer, USA).
Preparation of Gold Nanoparticle-Treated Red Ginseng
Six-year-old ginseng shoots were treated with gold nanoparticle suspension sprays three times at 14-day intervals. The gold nanoparticle suspension at concentration of 5 mg/l was sprayed in an area of approximately 3.3 m After grinding, the powdered RG was dissolved in distilled water for 60°Bx. RG without gold nanoparticle treatment was prepared under the same conditions to those described above. Stock solutions for subsequent cellular assays were filtered using a 0.44 μm filter.
Ginsenoside Analysis
Ginsenosides were analyzed using a high-performance liquid chromatography system (Agilent 1260 series; Agilent Technologies, Inc., Santa Clara, CA, USA) equipped with an auto-sampler, a photodiode array detector, a quaternary pump, and a vacuum degasser. Chromatographic separation was performed using an octadecyl column (Zorbax Eclipse plus C18, 4. 
Isolation of Mouse Peritoneal Macrophages
Seven-week-old male BALB/c mice were obtained from SamTaco (Osan, South Korea) and housed in a temperature-and humidity-controlled pathogen-free animal facility with a 12-h light-dark cycle. The animal protocol (KHUASP(SE)-15-012) was approved by the Kyung Hee University Institutional Animal Care and Use Committee (South Korea) and mice were cared for according to the US National Research Council for the Care and Use of Laboratory Animals specifications. Mice were intraperitoneally injected with 2 ml of 3.5% sterile thioglycollate solution (BD Sciences, USA), and 4 days later were sacrificed by cervical dislocation. Macrophages were isolated by peritoneal lavage with cold Dulbecco's modified Eagle's medium (DMEM; HyClone, USA). After centrifugation, cells were resuspended in DMEM with 10% fetal bovine serum (FBS; HyClone) and 1% penicillin-streptomycin. Based on flow cytometric analysis, 94% of the peritoneal cells were CD11b-positive macrophages, where CD11b is used as a marker for the identification of macrophages. Peritoneal macrophages were incubated overnight at 37 o C with 5% CO 2 , and non-adherent cells were removed.
Cell Culture
To measure the effects of RG extract on NO and cytokine levels, peritoneal macrophages were stimulated with 100 ng/ml lipopolysaccharide (LPS) (Sigma-Aldrich Co., LLC.) and 1 ng/ml interferon (IFN)-γ (BD Pharmingen, USA) for 24 h. Supernatant and cells were collected for subsequent assays.
MTS Assay
Peritoneal macrophages were seeded in quadruplicates in 96-well plates and stimulated for 24 h at increasing concentrations of gold nanoparticle-treated RG (herein referred to as gold RG) or non-treated RG. Cell viability was determined using the MTS (3-
One Solution Cell Proliferation assay kit; Promega Corp., Madison, WI, USA) based on measurements of mitochondrial respiration in living cells. Absorbance was measured at 490 nm with a microplate reader (iMark; Bio-Rad, USA).
NO Determination
Fifty microliters of supernatant obtained from the culture described above was incubated with an equal volume of Griess reagent (Sigma-Aldrich Co., LLC.) for 15 min at room temperature. Absorbance was measured at 540 nm with a microplate reader (iMark). Sodium nitrite at 0 to 100 μM was used to create a standard curve to calculate the nitrite concentrations.
Cytokine Analysis
The levels of TNF-α and IL-6 in the supernatant were determined by an enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's protocol (BD Pharmingen). In brief, flatbottomed 96-well plates were coated overnight at 4 o C with coating antibodies. The coating antibodies were discarded and the plates were blocked with blocking buffer (10% FBS in phosphatebuffered saline) for 1 h at room temperature. After washing, appropriately diluted samples or standards were added and incubated for 2 h at room temperature. After washing, detecting antibodies plus streptavidin-horseradish peroxidase were added and incubated for 1 h at room temperature. After washing, tetramethylbenzidine substrate solution was added. The color was allowed to develop for 30 min in the dark before the reaction was quenched with 0.2 M H 2 SO
4
. The plates were then read at 450-570 nm and the sample concentrations were determined from a standard curve.
Western Blotting
Total cell extracts were prepared by resuspending the cells in lysis buffer (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1 mM EDTA; 20 mM NaF; 0.5% NP-40; and 1% Triton X-100) containing a phosphatase inhibitor cocktail (Sigma-Aldrich Co., LLC.) and an Xpert protease inhibitor cocktail (GenDEPOT, USA). The protein concentration was determined using the Bradford assay. Cell extracts were separated on 8% or 10% sodium dodecyl sulfatepolyacrylamide gels and were transferred to a polyvinylidene fluoride membrane. The membranes were blocked with 5% skim milk in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h and then incubated overnight at 4 o C with primary antibody of rabbit polyclonal iNOS or GAPDH (Santa Cruz Biotechnology, USA) diluted 1/1,000 in 5% skim milk in TBST. The blots were washed with TBST and incubated for 1 h with an anti-rabbit horseradish-peroxidase-conjugated secondary antibody (diluted 1:5,000 in 5% skim milk in TBST). Protein bands were detected with EzWestLumi plus (ATTO Corp., Japan) and analyzed using EZ-Capture MG (ATTO Corp.).
Statistical Analysis
Statistical analysis was performed using Student's t test or ANOVA followed by the Tukey test using IBM Statistics SPSS ver. 22. The p-values of less than 0.05 were considered significant.
Results
Analysis of Gold and Ginsenoside Contents in Ginseng Roots
The content of gold in the main roots of ginseng was measured 14 days after each gold nanoparticle spray was applied to the shoots. The gold content peaked after the first treatment and then decreased with increasing treatment time ( Table 1) . After the third treatment, the levels of ginsenosides in gold nanoparticle-treated ginseng and nontreated ginseng extracts were comparatively evaluated. In the gold nanoparticle-treated ginseng, the levels of Rg1, Re, Rf, and Rb1 were significantly increased whereas those of Rg2 and Rb3 were significantly decreased compared with non-treated ginseng ( Table 2 ). The sum of ginsenosides was significantly (p < 0.05) increased in gold nanoparticletreated ginseng compared with non-treated ginseng. Steaming at 95 o C affected the yield of ginsenosides in both extracts. Among the ginsenosides tested, the levels of Rd, Rg3(S), and Rg3(R) were significantly increased with gold nanoparticle treatment, but there was no difference in the sum of ginsenosides (Table 3) .
Effect of Gold RG Extract on Cell Viability
First, we determined if the gold RG extract induced cytotoxicity in macrophages. RG extract without gold nanoparticles was used as a control. Peritoneal macrophages isolated from thioglycollate-injected mice were treated with RG or gold RG extracts ranging from 0.0008°Bx to 0.5°Bx for 24 h. Ginseng extract of 1°Bx contained approximately 1.2 g of soluble solids content (data not shown). Cell viability remained unchanged with up to 0.1°Bx of both extracts, but at a higher dose (0.5°Bx), the viability of cells treated with both RG and gold RG extracts decreased (Fig. 1) . Subsequently, the following assays were conducted with concentrations no higher than 0.1°Bx.
Effect of Gold RG Extract on LPS/IFN-γ-Induced NO and iNOS
We examined whether there was any difference in the anti-inflammatory effects of RG and gold RG. Macrophages were stimulated with LPS plus IFN-γ for 24 h in the presence of RG or gold RG. Both extracts showed a dosedependent effect on the reduction of NO ( Fig. 2A) . At the same concentrations, gold RG showed more potent inhibitory activity than RG. Next, we explored whether the change in NO was due to an altered level of iNOS expression. In cells treated with gold RG, iNOS expression was more inhibited compared with that in cells treated with RG at the same concentrations (Figs. 2B and 2C) . Mouse peritoneal macrophages were isolated from thioglycollateinjected male BALB/c mice and cultured with various concentrations of RG or gold RG extracts for 24 h. Cell viability was measured using the MTS assay. Degrees Brix (°Br) expresses the mass percentage of total soluble solids in an aqueous solution. Bars represent the mean ± SD of three independent experiments. Bars with different letters indicate a significant (p < 0.05) difference among groups.
Effect of Gold RG Extract on LPS-Induced TNF-α and IL-6 Production
The effects of RG and gold RG extracts on the production of TNF-α and IL-6 in LPS/IFN-γ-stimulated macrophages were compared. Both extracts decreased the levels of TNF-α in a dose-dependent manner, with RG being more potent (Fig. 3A) . In contrast, the suppressive effect on IL-6 was more pronounced in cells treated with gold RG (Fig. 3B ).
Discussion
The application of nanomaterials to food crops has been more recently emerged than the use of nanomaterials in drug delivery and pharmaceuticals. Nanofertilizer technology is expected to improve existing crop management techniques. Nanomaterials of 1-100 nm possess a relatively increased surface area to volume ratio and complexing capability. This property makes nanofertilizers an attractive tool to Fig. 2 . Effects of red ginseng (RG) and gold RG extracts on nitric oxide (A) and inducible nitric oxide synthase (iNOS) expression (B), and iNOS band density (C) in peritoneal macrophages stimulated with both IFN-γ and LPS.
Cells were stimulated with both LPS (100 ng/ml) and IFN-γ (1 ng/ml) in the presence of extracts from RG or gold RG for 24 h. Levels of nitric oxide in the media were measured by the Griess reaction. The nitrite concentration reflects the amount of nitric oxide generated from the macrophages. Expression of iNOS protein was analyzed by western blotting. One of three independent experiments is shown. GAPDH was loaded as an internal control. Quantification of the immunoblots was carried out by densitometry. Degrees Brix (°Br) expresses the mass percentage of total soluble solids in an aqueous solution. Bars represent the mean ± SD of three independent experiments. Bars with different letters indicate a significant (p < 0.05) difference among groups. promote plant metabolism and growth [9] . Since conventional fertilizers often require repeated application owing to loss of chemicals, degradation by microbes, and photolysis, they can contribute to water and soil pollution. Properly functionalized nanoformulations with high solubility, stability, and effectiveness are expected to reduce such drawbacks [19] .
Treatment of the leaf surface of growing ginseng with colloidal gold nanoparticles successfully transferred gold to the main root. Interestingly, gold concentrations in the main root decreased with increasing gold nanofertilizer treatment (Table 1) . Gold nanoparticles are assumed to transfer to the lateral and fine roots. For this reason, we speculate that the transfer rate of gold nanoparticles from the main root to the lateral and fine roots was increasing over time. The size of gold nanoparticles employed here ranged from 5 to 10 nm, which is small enough to enter cell wall pores that are 5-20 nm in diameter after penetrating the leaf stromata [20] . Engineered nanoparticles are expected to induce new pores, which will lead to increased internalization of these nanoparticles [20] . From our results, we suspect that new pores might form to facilitate transfer of the gold to the roots.
One of the most significant findings here was that ginsenoside concentrations in the main root of ginseng increased with colloidal gold nanoparticle treatment, indicating that the transfer of gold into the cell had improved ginsenoside synthesis (Table 2) . At this point, the causal factors underlying such increases remain to be elucidated. Most studies on the effects of nanoparticles on plant growth and metabolism have been performed at seeding stages [11, 16, 27] . Treatment of bitter melon seed with a carbon-based nanomaterial, fullerol, increased the plant biomass, fruit yield, and phytomedicine content [16] . Spinach seed treated with nano-TiO 2 promoted its photosynthesis and growth [11, 27] . There was also a report that measured the accumulation of airborne iron particles on plant leaf surfaces [8] . Our work is novel because treatment of nanoparticles on the leaf surfaces of mature plants affected the synthesis of secondary metabolites in the root. However, the levels of total ginsenosides were not significantly different between the gold nanoparticletreated and non-treated RGs ( Table 3 ), indicating that the steaming processing had counteracted the difference. Instead, the yield of Rd and, in particular, Rg3(S) and Rg3(R), ginsenosides only found in red ginseng, was increased in gold RG. Depending on the preferred type of ginseng or ginsenosides, application of gold nanoparticles may be an alternative tool for ginseng cultivation.
The toxicity of gold nanoparticles has been controversial. In some experiments, gold nanoparticles were toxic both in vitro and in vivo [7, 26] . The gold nanoparticles, which were prepared similarly to those used in this work, proved to be non-toxic up to 13 μg/ml in human intestinal cells and safe after oral administration in rats for 14 days [12] . Exposing cells to gold nanoparticles for a more prolonged period at high concentrations, however, was toxic in cells [12] . Our in vitro cell viability assay showed no significant difference in cell viability between cells treated with RG and gold RG (Fig. 1) .
Using an LPS-stimulated macrophage model, we confirmed that the anti-inflammatory effects of gold RG were enhanced compared with those of RG (Figs. 2 and 3 ). All parameters measured except for TNF-α were more downregulated in cells treated with gold RG. Since production of LPS-induced TNF-α and IL-6 is differentially regulated [15] , different components present in RG and gold RG seemed to act in a separate manner. Among the ginsenosides identified in this study, Rg3 and Rd levels increased with gold RG treatment. Rg3 inhibits LPSinduced iNOS, TNF-α, IL-1β, and IL-6 in macrophages [21, 24] . Since ginseng contains acidic polysaccharides and polyphenolic compounds [22] , it is possible that components other than ginsenosides are responsible for the increased activity of gold RG.
Taken together, the use of the colloidal gold nanoparticle fertilizer improved ginsenoside synthesis during ginseng cultivation. Moreover, the anti-inflammatory effect of gold RG was enhanced in LPS-stimulated macrophages. Further research is required to validate the causal factors for the gold-induced change in ginsenoside synthesis and the in vivo effect of gold RG.
